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ABSTRACT
The optical integrated spectra of three Large Magellanic Cloud young stellar clusters (NGC
1984, NGC 1994 and NGC 2011) exhibit concave continua and prominent molecular bands
which deviate significantly from the predictions of single stellar population (SSP) models. In
order to understand the appearance of these spectra, we create a set of young stellar population
(MILES) models, which we make available to the community. We use archival International
Ultraviolet Explorer integrated UV spectra to independently constrain the cluster masses
and extinction, and rule out strong stochastic effects in the optical spectra. In addition, we
also analyse deep colour–magnitude diagrams of the clusters to provide independent age
determinations based on isochrone fitting. We explore hypotheses, including age spreads in
the clusters, a top-heavy initial mass function, different SSP models and the role of red
supergiant stars (RSG). We find that the strong molecular features in the optical spectra can
be only reproduced by modelling an increased fraction of about ∼20 per cent by luminosity
of RSG above what is predicted by canonical stellar evolution models. Given the uncertainties
in stellar evolution at Myr ages, we cannot presently rule out the presence of Myr age spreads
in these clusters. Our work combines different wavelengths as well as different approaches
(resolved data as well as integrated spectra for the same sample) in order to reveal the complete
picture. We show that each approach provides important information but in combination we
can better understand the cluster stellar populations.
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1 IN T RO D U C T I O N
One of the most significant results of the past decade in
the field of star clusters is the discovery of extended main-
sequence turn-offs (eMSTO) of intermediate-age star clusters
(100 Myr < age < 10 Gyr) in the Large Magellanic Cloud (LMC).
Perhaps even more intriguing are the recent serendipitous find-
ings of eMSTOs in very young stellar clusters (age < 100 Myr)
as well. The origin of eMSTOs in young LMC clusters is
presently debated in the community (Bastian & Silva-Villa 2013;
Milone et al. 2013, 2015, 2016, 2017; Correnti et al. 2015, 2017;
Niederhofer et al. 2015a,b; Bastian et al. 2016). However, if eM-
STOs are caused by age spreads within individual clusters, of the
order of tens of Myr instead of hundreds of Myr as in the case
 E-mail: raasad@aus.edu
of intermediate-age LMC clusters, this would strongly affect our
understanding of the formation of stellar clusters typically thought
to be simple stellar populations (SSPs). The possible existence of
age spreads has been investigated in young massive clusters in other
galaxies as well (Larsen et al. 2011; Bastian et al. 2013). Most of
this analysis of multiple stellar populations (MSPs) has been per-
formed using colour–magnitude diagrams (CMDs) with only one
study using integrated spectra (Cabrera-Ziri et al. 2014) to explore
possible MSPs in LMC clusters.
For very young LMC clusters, those with ages below ∼30 Myr,
the most massive stars dominate almost completely the integrated
light. In fact, the strong contrast in the spectral shape of the blue and
red supergiants (BSGs, RSGs) determines the shape of the spectrum
of the stellar population, which will be determined by the relative
weight between these stars as a function of wavelength. This is
particularly relevant for ages around ∼10 Myr where the net con-
tribution of the RSGs to the total light peaks, affecting dramatically
C© 2017 The Authors
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not only the spectrum shape but also some molecular band features
(e.g. Mayya 1997). The extent of this effect will depend heavily on
the blue to red supergiants ratio, which is predicted to decrease with
increasing metallicity (e.g. Langer & Maeder 1995), although at
odds with the observational constrains (e.g. Eggenberger, Meynet
& Maeder 2002). This ratio, which depends on mass-loss, con-
vection and mixing processes, is therefore key for testing both the
stellar evolutionary models and also the stellar population models
in this age regime.
The LMC constitutes an excellent laboratory to study MSP in
young star clusters. Its proximity, at only ∼50 kpc from us, makes it
straightforward to analyse resolved individual stars in clusters and
integrated properties at the same time (e.g. Olsen 1999; Beasley,
Hoyle & Sharples 2002). However, both kinds of studies require
careful consideration of the total number of stars that each cluster
hosts (see discussions in Chiosi, Bertelli & Bressan 1988; Chiosi
et al. 2006). In this work, we study the integrated optical spectra of
three young LMC clusters using a full spectrum-fitting technique in
conjunction with UV spectra and CMDs from archival data. We aim
at studying their relevant stellar population properties, including the
MSP scenario and also testing the models in this age regime.
Our motivation comes from the fact that when fitting the inte-
grated spectra of these three young LMC clusters (age < 50 Myr)
with different stellar population models (Asa’d, Vazdekis &
Zeinelabdin 2016), we noticed a concave continuum shape of the
observational data that prevents a good fit with these models, as
well as a mismatch of the molecular features of the observations
when compared to SSPs. The spectra of the young clusters used in
this work are taken from different observing runs and instruments
which rule out possible flux-calibration issues, this effect was noted
by others as well (Gelys Trancho, private communication). Here,
we investigate whether the mismatch has the same origin as the split
noticed in the MSTO of older clusters or whether these are to be
attributed to current limitations such as the relative contributions of
blue and red supergiants.
In Section 2, we describe the cluster sample, the data used in
this work and previous results. In Section 3, we describe the newly
computed young MILES models used in this work. The results ob-
tained with standard SSP fitting method are presented in Section 4.
Our analysis for improving the fits is discussed in Section 5. We
present the effects of varying the RSG contribution in Section 6.
In Section 7, we perform a cross-check using UV data and a CMD
analysis. Our summary and discussion are given in Section 8.
2 DATA SA M P L E A N D P R E V I O U S R E S U LT S
We present the analysis of three young clusters NGC 1984, NGC
1994 and NGC 2011 in the optical range 3800–6230 Å, together
with complementary analysis in the UV and a CMD analysis. We
chose these three young clusters from our previous work (Asa’d
et al. 2016) which analysed a wider age range. For the purpose of
this work, we picked the young clusters with available CMDs.
2.1 Optical data
Optical data were obtained in two observing runs in 2011 with
the RC spectrograph on the 4 m Blanco telescope (NGC 1984 and
NGC 2011 with resolution 14 Å) and with the Goodman spectro-
graph on the SOAR telescope (NGC 1994 with resolution 3.6 Å).
We obtained integrated spectra by scanning the cluster SN, with
the slit aligned east–west. As a result of this process, we obtained
Table 1. IUE files used in this work.
Name SWP (Exp. time [s]) LWP (Exp. time [s])
NGC 1984 23252L (419) 03564L (269)
NGC 1994 23254L (539) 03566L (269)
NGC 2011 39260L (2699) 18402L (1799)
the spectra of the central region of the clusters, covering diame-
ters of 26 arcsec (r = 0.2 arcmin), 18 arcsec (r = 0.15 arcmin) and
16 arcsec (r = 0.13 arcmin) for NGC 1984, NGC 1994 and NGC
2011, respectively.
2.2 UV data
In addition, we have used archival International Ultraviolet Ex-
plorer (IUE) UV spectra of the three clusters provided by the INES
data centre1 (Gonza´lez-Riestra, Cassatella & Wamsteker 2001, and
references therein). The IUE data summary we use is shown in
Table 1. Where several spectra were available, we tested the head-
ers of the FITS files and the self-consistency of the data, and chose
those with the highest signal to noise, least number of bad pixels
and best agreement in the overlapping region between SWP and
LWP spectra. All the IUE spectra were obtained with the large
10 × 20 arcsec aperture, which is similar to the aperture of our
optical spectra.
2.3 CMD data
We have also analysed the CMDs for all three clusters using
data from the Survey of the Magellanic Stellar History (SMASH;
Nidever et al. 2017). SMASH is a NOAO2 community DECam
survey of the Magellanic Clouds mapping 480 deg2 to 24th magni-
tude in ugriz filters with the goal of identifying broadly distributed,
low surface brightness stellar populations associated with the stel-
lar haloes and tidal debris of the Magellanic Clouds. The pipeline
used to process the data from SMASH performs a point spread
function (PSF) photometry based on the DAOPHOT software suite
(Stetson 1987).
2.4 Previous analysis of the clusters
The present set of clusters has been analysed using different wave-
length coverages and methodologies. These clusters have been also
analysed in the UV. Studies based on CMD analysis (e.g. Glatt,
Grebel & Koch 2010) found ages around 50 Myr with a typical
error of 0.3 dex and studies based on integrated colours obtained
much younger ages (typically younger than 10 Myr, see a summary
of results in Asa’d & Hanson 2012) with the exception of Popescu,
Hanson & Elmegreen (2012), who obtained ages similar to those
obtained from CMDs analysis. In Popescu et al. (2012), the authors
infer cluster masses a few times 104 M (masses also obtained
in Asa’d & Hanson 2012), they apply Monte Carlo simulations to
take into account the fluctuations in the cluster luminosities due to
their relatively low masses. Vidal-Garcı´a et al. (2017) obtain ages,
metallicities and mass estimates of NGC 1994 and NGC 2011 by
the analysis of UV spectral features to estimate age and metallicities
and V-band photometry to estimate masses using a fitting to both
Monte Carlo simulations and analytical modelling; they found ages
1 http://sdc.cab.inta-csic.es/ines/
2 NOAO: National Optical Astronomy Observatory, https://www.noao.edu/
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about 19 and 11 Myr, and masses about (1.1–1.7) × 104 and about
(3–8) × 103 M for NGC 1994 and NGC 2011, respectively; in
both cases they provide metallicities about 0.015 as their best fitted
results.
Asa’d et al. (2016) used integrated spectra and found younger
ages, in some cases between 3 and 4.4 Myr with E(B − V) values
larger than 4.4 (Asa’d & Hanson 2012). With the UV data, NGC
1984 and NGC 1994 have been analysed by Cassatella, Barbero
& Geyer (1987), which obtain total E(B − V) values of 0.14 for
both clusters including the foreground colour excess due to our
Galaxy. They obtain from both clusters that the UV light profile
is mainly concentrated in the core of the cluster although show-
ing extended asymmetric wings. NGC 2011 has been analysed by
Kontizas, Kontizas & Michalitsianos (1993) as part of a study
of binary LMC clusters and show that it is part of a three-
component system, with a dynamical mass of the main component
of ∼5 × 105M. In Section 7.1, we discuss more in details mass
estimates by different authors.
These previous results show that the evolutionary status of those
clusters is not clear and depends on the wavelength range, methodol-
ogy, and, possibly, the aperture used for the analysis. Therefore, one
of our goals is also to understand the reasons of those differences.
For this study, we assume a distance modulus of (m − M) =
18.50 mag (e.g. Alves 2004), which sets the LMC at ∼50 kpc
from us. We adopt a Galactic extinction in the LMC direction of
E(B − V)G = 0.06, obtained from the AV = 0.20 value from Schlafly
& Finkbeiner (2011) as given in NED.3
3 MILES STELLAR POPULATION MODELS
W I T H YO U N G AG E S
3.1 SSPs
For the purposes of this study, we extended the MILES single-
age, single-metallicity SSP models (Vazdekis et al. 2010, 2016) to
predict Spectral energy distributions at resolution 2.5 Å for ages
as young as 6.3 Myr. The models employ the scaled-solar stellar
evolutionary isochrones of Bertelli et al. (1994), extended to very
low mass stars (M < 0.5M with the stellar tracks of Pols et al.
(1995) as implemented in Vazdekis et al. (1996). These models
also employ the empirical stellar spectral library MILES (Sa´nchez-
Bla´zquez et al. 2006), composed of nearly 1000 stars, mostly from
the field in the solar neighbourhood. Although there are impor-
tant differences in the input physics adopted for computing these
isochrones with respect to Girardi et al. (2000) (used in more recent
versions of the MILES models), such as the equation of state, the
opacities or the convective overshoot scheme, they can be safely
matched at ages around 60 Myr, as shown by these authors. The
theoretical parameters of the isochrones are converted to the obser-
vational plane, i.e. stellar fluxes, on the basis of empirical relations
between colours and stellar parameters (temperature, metallicity
and gravity), instead of using theoretical stellar spectra. We mostly
use the metallicity-dependent empirical relations of Alonso, Arribas
& Martı´nez-Roger (1996, 1999), respectively, for dwarfs and giants.
For stars with temperature above ∼8000 K, we use the empirical
compilation of Lejeune, Cuisinier & Buser (1997, 1998). We also
use the metal-dependent bolometric corrections of Alonso, Arribas
& Martı´nez-Roger (1995) and Alonso et al. (1999) for dwarfs and gi-
ants, respectively, and adopt BC =−0.12. Assuming V = 26.75
3 https://ned.ipac.caltech.edu/
(Hayes 1985), we obtain an absolute magnitude for the Sun of
MV = 4.82 and Mbol as given by MV + BCV = 4.70.
It is worth noting that as the empirical stellar spectra follow
the Milky Way abundance pattern as a function of metallicity, the
resulting models are nearly consistent and scaled-solar around so-
lar metallicity whereas at low metallicity they lack consistency.
Therefore these models, which assume that [M/H] = [Fe/H], should
be identified as ‘base’ models, following the description given in
Vazdekis et al. (2015). The newly computed models do not include
stellar rotation, which, among other effects, brings more material to
the convective core of massive stars increasing their MS lifetimes by
as many as ∼25 per cent and decreasing the surface gravity and the
opacity in the radiative envelope, which in turns raises the luminos-
ity (Maeder & Meynet 2000). The resulting colours of the stellar
populations with ages smaller than ∼40 Myr vary by 0.1–1 mag
with respect to the non-rotating models. According to Va´zquez
et al. (2007), the effect is larger with increasing wavelength and
metallicity.
An SSP is computed by integrating the stellar spectra along the
isochrone. For each star, characterized by its main atmospheric
parameters (Teff, log g, [M/H]), we use the spectra of the stars of
the MILES data base with the closest parameters following the local
interpolation scheme described in Vazdekis et al. (2003), as updated
in Vazdekis et al. (2015). We scale the stellar spectra according to
the absolute flux in the V band following the method described in
Falco´n-Barroso et al. (2011). The number of stars in each mass
bin comes from the adopted initial mass function (IMF), for which
we assume five shapes as summarized in Vazdekis et al. (2016). In
this particular work, we focus on the low-mass tapered (regarded
as Bimodal) IMF, which is characterized by the logarithmic slope,
b, as a free parameter. The Kroupa Universal IMF (Kroupa 2001)
is very similar to a bimodal IMF with b = 1.3. As reference, for
the clusters masses and the number of stars obtained in this work,
we assume for all the IMFs a lower mass limit of 0.1 M, and the
upper mass limit of 100 M.
3.2 Partial SSPs
We also created a library of partial MILES SSPs (hereafter pSSPs)
for both LMC and solar metallicity. These pSSPs are used to test the
RSG prescription at the LMC metallicity and the scenario where
low mass requires longer time-scales to land into the zero age main
sequence (ZAMS). We compute pSSPs where only the contributions
of stars above a given initial mass Mp are considered (we call it
pSSPh), and other models were only the stars with masses below
Mp are integrated (pSSPl). Note that the addition of the spectra of
these two pSSPs gives the SSP spectrum (pSSPl + pSSPh = SSP).
Note also that it is possible to compute pSSPs with the contribution
of stars within a given, intermediate, mass range.
Fig. 1 shows two pSSPs with LMC metallicity and 10 Myr, where
Mp = 17 M. These two pSSPs added match the corresponding
SSP. Note that there is a significant change in the slope with the
partial SSP corresponding to the stars with M > 17 M dominating
the light in the red and all the molecular features there, whereas the
blue spectrum is featureless.
We use these pSSPs to investigate the possible impact on the re-
sulting SEDs of the fact that lower mass stars require much longer
time-scales to reach the ZAMS, which can be as long as ∼1 Gyr
for stars of ∼0.1 M, in comparison to their higher mass coun-
terparts (Bodenheimer 2011). By combining pSSPs with varying
ages, we can derive the SED of a single star formation burst but
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Figure 1. Partial SSP spectra corresponding to an age of 10 Myr and LMC
metallicity computed with the stars with masses below (blue) and above
(green) 17 M. The two pSSPs added provide the SSP (black). There is a
significant change in the slope with the high-mass partial SSP dominating the
light in the red spectral range and all the molecular features there, whereas
the blue spectrum has fewer features than the green one.
with stellar mass ranges in different ages. The motivation is two-
fold: First, it allows us to assess the contribution of stars in different
mass ranges (and the RSGs in particular) to the total light, and
analyse how the spectra vary with changes in the RSGs evolution-
ary prescriptions (see Section 6.1 for more details). Secondly, it
allows us to study the sampling effects (discussed in Section 7.1)
for the case where the isochrone might not become fully popu-
lated. This is performed with SED@ synthesis code (Mas-Hesse &
Kunth 1991; Cervino & Luridiana 2006, and references therein)
using the same IMF and isochrones as in the MILES models, but
with the low-resolution BaSeL2 theoretical atmosphere library from
Lejeune et al. (1997, 1998) with LMC metallicity.
The LMC metallicity is well covered by the MILES library (see
Cenarro et al. 2007, and references therein), including RSGs such as
the one shown in Fig. 9. In this analysis, we neglect any abundance
ratio difference between the LMC and Field stars. However, these
possible variations have an impact on small wavelength scales.
4 R ESU LTS U SING SINGL E ST EL LAR
P O P U L AT I O N S
We start by obtaining the age of the clusters by comparing single
stellar populations (SSPs) to our observed integrated spectra with
the full spectrum-fitting algorithm as described in Asa’d, Hanson &
Ahumada (2013) and Asa’d et al. (2016). The Asa’d et al. (2016)
analysis used the Bruzual & Charlot (2003) SSP models because the
MILES models did not include young SSPs at that time. Here, we
present the results with the newly computed young MILES SSPs.
We first perform fits with reddening as a free parameter and the
results are listed in the first two columns of Table 2. Fig. 2 shows
the best χ2 matching our observation using the LMC metallicity,
Kroupa Universal IMF and MILES models. Fig. 3 shows the prob-
ability density plots in the log t–E(V − B) plane of the obtained
solutions. However, no solution using the nominal best χ2 is com-
patible with presence of a galactic extinction in the LMC direction
of E(B − V)G = 0.06. For NGC 1984 and NGC 2011, there exists
a solution at 10 Myr with E(B − V) > E(B − V)G. In the case of
NGC 1994, a compatible (reddening) solution requires an age of
log t = 7.1. We note that this cluster shows the presence of emission
lines in its spectra, which are clearly seen in the residuals of the
spectral fit.
It is evident that the observed and model spectra do not perfectly
match. The situation is more extreme for the case of NGC 1984
and NGC 2011, the residuals show a concave-like continuum and
a characteristic mismatch above ∼5500 Å, which can be attributed
to strong molecular features (e.g. TiO). A similar, although not so
extreme, curvature is present in NGC 1994. We have tested the
residuals obtained by other age and extinction combinations for
the three clusters and they also show a similar concave-like pat-
tern. Such behaviour is also present in the results of Asa’d et al.
(2016) for clusters with ages around 10 Myr which make use of
Bruzual & Charlot (2003) synthesis code (see figs 22 and 23 in
Asa’d et al. 2016, for NGC 1994 and NGC 2002, this last one not
studied here). We tested changing the evolutionary prescriptions by
using the Geneva-based (Schaerer et al. 1993) Granada atmosphere
models (Gonzalez Delgado et al. 2005) computed with SED@ syn-
thesis code and, again, similar residuals with a concave continuum
are obtained. Hence, this problem looks to be generic to evolution-
ary models and evolutionary prescriptions around an age of 10 Myr,
and is not a MILES model specific problem.
4.1 Line-strength analysis
To understand and validate our full spectrum-fitting results obtained
with single SSPs (1SSP), using an extinction-independent analysis,
we compare the strengths of selected, prominent features measured
in our clusters and in the models. In particular, to assess how sig-
nificant the residuals are obtained for the molecular features we
measure the TiO1 Lick index at λλ ∼ 5965. Fig. 4 shows the index
values after smoothing all the spectra to a common resolution of
FWHM = 14 Å, which is similar to one of the resolutions pro-
posed in the LIS system (Vazdekis et al. 2010). The TiO1 index is
Table 2. Results using the Kroupa Universal IMF for several scenarios (cf. Sections 4 and 5).
Name Metallicity Agea E(B − V)a Ageb Agec f d7
log (age yr−1) log (age yr−1) log (age yr−1)
NGC 1984 LMC 6.9 0.03 6.9 6.9 0.00
NGC 1994 LMC 7.0 0.02 7.0
NGC 2011 LMC 7.0 0.10 6.9 6.9 0.30
NGC 1984 SOL 7.0 0.01 7.0 6.9 0.97
NGC 1994 SOL 6.8 0.10 7.3
NGC 2011 SOL 7.2 0.02 7.2 6.8 0.92
Notes. aAge and E(B − V) using 1SSP with reddening correction.
bAge using 1SSP neglecting reddening correction.
cAge using 2SSPs where one of them has a fixed age of 10 Myr according to equation (1) in Section 5.1.
dFraction of the contribution of the 2nd SSP according to equation (1) in Section 5.1.
MNRAS 471, 3599–3614 (2017)Downloaded from https://academic.oup.com/mnras/article-abstract/471/3/3599/3980206
by University of Surrey user
on 13 November 2017
Young LMC clusters 3603
Figure 2. Best χ2 fits achieved with 1SSP MILES models using LMC
metallicity and Kroupa Universal IMF. The fits correspond to the location
of the star symbol in Fig. 3.
maximized for ages around 10 Myr, where the relative contribution
from RSGs peaks, and the strengths of this molecular feature get
larger for solar metallicity. The TiO1 values of the clusters are sig-
nificantly larger in comparison to the models (including those of
solar metallicity in some cases), as already shown in the residuals
obtained by our full spectrum fits. This figure also shows that the
high TiO1 values obtained for the clusters cannot be matched by
any combination of SSPs with LMC metallicity. It is worth noticing
that, for reference, the TiO1 index strength for our reference RSG
star in the MILES data base (HD 42543; see Section 6) reaches a
value as high as ∼0.2.
Figure 3. Probability density plots in the log t − E(V − B) plane of the
1SSP solutions obtained with MILES models (LMC metallicity and Kroupa
Universal IMF). The best χ2 solution is shown as a star and corresponds to
the fit shown in Fig. 2. The test statistics value is the inverse value of the χ2
solution.
In the right-hand panel of Fig. 4, we show the higher order Balmer
line age indicator HδA (its wide index definition, which does not de-
mand high signal-to-noise spectra). An advantage of the Hδ feature
with respect to the more standard age indicator H β is that this index
is much less affected by emission filling-in. According to the anal-
ysis performed in Section 4.1.1, the spectrum of NGC 1994 shows
some emission contamination in the Hδ feature (and stronger in H γ
and H β). We do not find any significant emission in NGC 1984,
whereas for NGC 2011 this correction is virtually negligible. The
comparison with the models shows ages below ∼15 Myr, in good
agreement with our full spectrum fits. It is worth noticing that HδA
keeps raising up with increasing age until reaching a maximum at
200–500 Myr, after which starts to drop down to reach similar val-
ues as those measured in our clusters for ages around 2 Gyr (see
Vazdekis et al. 2015). We recall that none of these two indexes are
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Figure 4. Line-strength analysis. The left-hand panel shows the time evolu-
tion of the TiO1 molecular feature index for the MILES young SSP models
with LMC (solid line) and solar (dashed line) metallicity. The cluster index
values are represented by the horizontal thick lines, with different layouts
as marked above them. All the spectra were smoothed to match a resolution
of 14 Å (FWHM). Errorbars are shown around 10 Myr. Note that nei-
ther the SSP models nor any combinations of SSPs with LMC metallicity
are able to match the observed cluster index values. The right-hand panel
shows the higher order Balmer line index HδA (wide index definition), which
can be considered as an age indicator. All the lines have the same meaning
as in the left-hand panel. For NGC 1994, we used the emission filling-in
cleaned spectrum obtained in Section 4.1.1. The lower end of the errorbar
of this cluster includes the index measurement without applying any emis-
sion filling-in correction. No emission filling-in was detected for NGC 1984,
whereas for NGC 2011, if any, the correction is negligible. From the HδA
values, we can conclude that all the clusters have ages smaller than ∼15 Myr.
affected by extinction according to the thorough analysis performed
by MacArthur (2005).
To summarize, our line-strength analysis shows that we are able
to obtain age estimates in good agreement with the full spectrum
fits. However, the high TiO1 index values measured in the clusters,
which cannot be matched by our models with the LMC metallicity,
suggest that there are problems with the modelling of the RSGs and
with the blue to red supergiants ratio. In Section 6, we focus on the
relative RSG contribution in more detail.
4.1.1 Balmer lines emission filling-in: spectral fits with pPXF
Inspection of the Balmer lines in the LMC cluster spectra shows
emission fill-in in NGC 1994. This is most prominent in the H β
lines, and becomes less evident (as expected) in the higher order
Balmer lines. To quantify the degree of emission in these spectra,
we used pPXF (Cappellari & Emsellem 2004) in conjunction with
GANDALF (Sarzi et al. 2006) to construct and fit a series of MILES
model-based templates to the cluster data. The outputs of this ex-
ercise were the best-fitting model templates for each cluster and
the best-fitting emission spectrum. Focusing on Hδ (which is the
Balmer line least affected by emission in our spectra), we obtain a
correction factor for emission (i.e. Hδ(true)/Hδ(observed)) of 1.41
for NGC 1994. The emission line spectrum of NGC 1994 once sub-
tracted the continuum component is shown in Fig. 5; the EW(H β)
Figure 5. NGC 1994 emission analysis obtained with pPXF and described
in Section 4.1.1.
in emission of this galaxy is 5.86 Å. In the case of NGC 2011, we
do not find significant emission, so the emission seen in the resid-
uals is probably an artefact of the fit between the models and the
spectrum which resembles an emission line. We detect no emission
in NGC 1984. The present results are consistent with the analysis
of Santos et al. (1995), who found only an emission component in
NGC 1994 with a similar EW.
The origin of such emission is unlikely to be due to recent SN
explosions: the maximum Supernova rate (SNR) in our clusters
is about 3 × 10−4 SN yr−1 (see Section 7.1 for details about this
estimate). However, SN produces significant emission during a short
time after the explosion. Assuming a 100 yr lifetime, we have a
mean number of 0.03 SN in the most optimistic case. The other
possibility is a nebular contribution due to the ionization of massive
stars. In this case, the computations from Cervin˜o & Mas-Hesse
(1994) predict an EW(H β) in emission between 6 and 5 Å at ages
between 7.8 and 8.2 Myr (i.e. log t ∼ 6.9). At such ages, the nebular
contribution to the continuum is about 5 per cent, decreasing to a
2 per cent at 10 Myr.
We conclude that a nebular component (lines and continuum)
is not present, or at least has no impact in our analysis for NGC
1984 and NGC 2011, and in principle these clusters would have ages
larger than 8 Myr, which is compatible with our 1SSP fits. However,
that NGC 1994 shows a nebular contamination suggests an age
younger than 8 Myr, which is younger than the ones obtained by
our fits. In addition, this cluster shows problems with the E(B − V)
estimates, and it is the one where the curvature in the residuals
is the smallest. So we have decided not to consider NGC 1994 in
our study about the RSG and curvature of the residuals in the fits
(although it is included in the UV and CMD analysis).
5 TESTI NG DI FFERENT SCENARI OS TO
I MPROV E THE FI TS
To understand the origin of the residuals obtained in Section 4 here,
we perform a series of tests to attempt to optimize the matching
of the model with the observations. In this section, we fit for with
multiple stellar populations and for different IMFs.
Since we are interested in minimizing the residuals of the fits,
we have chosen to consider no reddening correction in this part
of the analysis. This applies to the present section and Section 6.
This allows us to reduce the parameter space in the fitting process.
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Figure 6. Best 1SSP fits achieved with MILES models (LMC metallicity
and Kroupa Universal IMF) neglecting the extinction.
The residuals with and without reddening correction are similar.
This is illustrated in Fig. 6, which can be compared to Fig 2; note
that NGC 1994 had been excluded in this analysis as explained
in Section 4.1.1. The ages obtained in this section should not be
considered as valid cluster ages, but simply regarded as a reference
for the comparison in the various tests.
5.1 Combinations including an SSP of 10 Myr
A careful look at the SSP fits shows the concavity in the continuum
and the specific residuals related to the molecular features. This is
indicative of a significant contribution from red stars. In view of this,
we constructed two-component modes where one component has
an age of 10 Myr. This age is chosen because at this age the relative
contributions of the RSG stars to the total light are maximized in
the SSPs with the LMC metallicity. We used the MILES models
with LMC metallicity and Kroupa Universal IMF (Kroupa 2001) to
create spectral combinations according to
f7 ∗ SSP(log t = 7.0) + (1 − f7) ∗ SSP(log t), (1)
where f7 refers to the mass fraction contribution of an SSP with
log t = 7.0. Both ages are kept fixed and only the value of f7 is
varied, running from 0 to 1 in steps of 0.01. Note that a change of
0.01 in mass fraction might be relevant for these fits as it reflects a
larger luminosity fraction, depending on the age difference between
the two SSPs. The results are given in the last two columns of Table 2
and are shown by the blue line in Fig. 7. We include in this figure the
best fits achieved with a 1SSP (also neglecting reddening correction)
Figure 7. LMC metallicity results using MILES models and Kroupa Uni-
versal IMF neglecting extinction. The figure includes the reference result
for a 1SSP fit in green, the combination of two LMC metallicity SSP models
where one of them has 10 Myr (cf. Section 5.1) in red, and the variation of
the relative contribution of RSGs (cf. Section 6) in blue.
for comparison, and a test about the variation in the contribution
of RSGs performed in Section 6. Fig. 7 shows that with these
combined models we are able to decrease the characteristic large
wavelength scale concavity of the obtained residuals for NGC 2011.
These fits also show that there is no significant improvement in the
residuals seen in the red spectral region, which are characteristic
of strong molecular bands of the RSGs. The latter might indicate
that the RSGs contribution is not well reproduced in the models.
The quantitative results of the χ2 give minimum values for the
RSG fitting. The green, red and blue lines give the χ2 values 7.73,
7.73 and 2.38, respectively, for NGC 1984 and 6.48, 4.95 and 2.16,
respectively, for NGC 2011.
Judging from the residuals related to the molecular features in
the red spectral region that are obtained with the LMC metallic-
ity with either one or two components, the fraction of light that
RSGs contribute to the total light in the models seems to be under-
estimated (see also discussion in Section 4.1). As standard stellar
evolution prescriptions predict an increasing contribution of red rel-
ative to blue supergiants with increasing metallicity (e.g. Meylan &
Maeder 1982; Cervin˜o & Mas-Hesse 1994; Langer & Maeder 1995;
Eggenberger et al. 2002), we also perform here fits with solar metal-
licity (and Kroupa Universal IMF) MILES models to see if we obtain
a better match to our cluster spectra. We therefore repeat the analy-
sis applying equation (1) but replace the LMC metallicity with solar
metallicity. The results are given in the last three lines of Table 2
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Figure 8. Solar metallicity results using MILES models and Kroupa Uni-
versal IMF neglecting extinction. The figure includes the reference result
for a 1SSP fit in green, the combination of two LMC metallicity SSP models
where one of them has 10 Myr (cf. Section 5.1) in red, and the variation of
the relative contribution of RSGs (cf. Section 6) in blue.
and Fig. 8. The new fits indicate a slight decrease of the concavity
residuals and a significant improvement in the molecular features
related residuals. The quantitative results of the χ2 give minimum
values for the RSG fitting. The green, red and blue lines give the χ2
values 3.66, 3.51 and 1.99, respectively, for NGC 1984 and 5.86,
3.00 and 1.64, respectively, for NGC 2011. Such improvement is
not necessarily due to the change in metallicity itself, but is most
likely due to the change in the BSG-to-RSG ratio associated with
this metallicity increase. This is illustrated in Fig. 9, where we show
the theoretical isochrones (see Section 3) corresponding to 10 Myr
for both the LMC and solar metallicities. Note that the RSGs of the
solar metallicity isochrone reach significantly cooler temperatures
as shown in the upper right corner of the figure. We also include in
the plot a set of representative MILES RSG stars. In particular, the
star HD 42543, which has a very similar metallicity to that of the
LMC (see Cenarro et al. 2007, and references therein), is cooler than
predicted by the isochrone with the LMC metallicity. We discuss
the effects of varying specifically the RSGs in Section 6.
5.2 Fitting with a top-heavy IMF
We also tested whether varying the IMF could improve our fits. We
choose a flatter IMF shape than Kroupa, i.e. top-heavy, as such an
IMF will increase the relative number of massive, more evolved,
stars. In particular, we tested the match of the SSP with the clusters
Figure 9. Surface gravity–effective temperature plane showing isochrones
of 10 Myr which feed our models (see the text for details). Black squares
draw an isochrone with metallicity [M/H] = −0.4 (Z = 0.008, representative
of the LMC), whereas the green triangles draw that of solar metallicity
(Z = 0.02). We also show three RSGs in the MILES stellar spectral library.
(Note that the spectrum of HD 42543 has been employed to perform the
tests shown in Section 6.)
using a bimodal IMF with slope b = 0.8 with LMC metallicity
first, then with solar metallicity. The results are shown in Fig. 10
where the quantitative results of the χ2 give minimum values for
the RSG fitting. The green, red and blue lines give the χ2 values
5.84, 5.36 and 2.31, respectively, for NGC 1984 and 6.63, 4.15
and 2.17, respectively, for NGC 2011. The best matching models
parameters are given in Table 3. No significant improvements are
seen in comparison to the equivalent fits obtained with a Kroupa
Universal IMF.
We performed fits with an even flatter bimodal IMF with b = 0.3
and solar metallicity. The fits show slightly worse agreement with
respect to those with b = 0.8. We conclude that IMF variations
cannot explain the spectral characteristics of these clusters.
6 VA RY I N G T H E R E L AT I V E C O N T R I BU T I O N
O F R S G S
In this section, we aim to provide quantitative estimates of the
RSG contribution as derived from our fits to the data. For this
purpose we use the spectrum of a representative RSG from the
MILES library with similar metallicity to that of the LMC. The
selected star is HD 42543 shown in Fig. 9 with other RSGs that
are also present in the MILES library. Note that this star has a
cooler temperature than predicted by the isochrone with the LMC
metallicity. We therefore combine the SSP spectrum with HD42543
according to the following equation:
fRSG ∗ (RSG) + (1 − fRSG) ∗ SSP(log t), (2)
where fRSG refers to the additional contribution in light from RSGs
that is required by the SSP. fRSG varies from 0 to 1 in steps of 0.01.
The results we obtain indicate a log(age yr−1) of 7 for both clusters
with a luminosity fraction of 21 per cent and 15 per cent for NGC
1984 and NGC 2011, respectively. This is shown in Figs 7 and 8.
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Figure 10. The results obtained using MILES models with LMC metallicity
and IMF = 0.8 as described in Section 5.2.
We notice that the RSG combinations improve the fitting of the
clusters over those achieved with either one or two SSPs. Compar-
ing the residuals of Figs 7 and 8, we see that both the residuals of
the large-scale concavity and the molecular features in the red spec-
tral range are significantly smaller. Moreover, the residuals shown
in Figs 7 and 8 are similar (although with different contributions
from the additional RSGs) irrespective of the metallicity of the SSP,
which highlights the role of the RSGs. These results explain why
the fits with one SSP or even with two SSPs improve significantly
only for solar metallicity, as the relative contribution of RSGs in-
creases. These fits show that the most likely source for the mismatch
obtained when fitting with standard SSPs is the fact that at sub-solar
metallicities, such as that of the LMC, the relative contribution from
RSGs is not properly predicted by the stellar evolution models (ei-
ther Padova or Geneva) implemented in the SSP models. Although
not tested here we also note that this also applies to models with
stellar rotation (e.g. Maeder & Meynet 2000), such as those recently
employed in the stellar population models of Leitherer et al. (2014).
These models, which are also based on the Geneva tracks evolu-
tionary prescriptions, do not provide significantly different blue to
red supergiants ratios in the LMC metallicity regime (see Meynet
et al. 2013 for more details) and, therefore, the results would not dif-
fer significantly from those obtained using Geneva-based Granada
models, except for the obtained age of the best matching SSP. Stel-
lar rotation will increase the lifetime of the stars and therefore the
net contribution of the RSG stars will peak at older ages, a few
Myr beyond ∼10 Myr, with respect to the non-rotating, standard,
case. To summarize, the best fits obtained with the LMC metallicity
require an increase in the RSG contribution of around 20 per cent
with respect to the prescription of the SSPs for NGC 1984 and NGC
2011.
6.1 Varying the RSG contribution using partial SSPs
Here, we use partial SSPs to test whether by substituting the pre-
scription of the latest evolutionary stages for the LMC metallicity
with that of the solar metallicity we improve the fits to our clusters.
For this purpose we computed pSSPs below and above 17 M. For
10 Myr the MS turn-off takes place around 15 M, whereas the
reddest RSGs have around 20 M. Therefore, the selected mass
corresponds roughly to the evolutionary stage located half the way
in between these two stages.
We therefore hypothesize that our modelling for the more evolved
stars, i.e. pSSPh might be improved if using that corresponding to the
solar metallicity. We test the combination expressed in the equation
below by varying the relative contribution, f, of the more evolved
stars that include the RSGs
pSSPl(10 Myr, LMC) + f ∗ pSSPh(10 Myr, Solar), (3)
with this fraction varying in between 1 and 2. This choice is moti-
vated by the fact that our fits with the SSPs (and specifically with
the RSG star spectrum) have shown us that we need a higher contri-
bution from the RSGs. In practice, this exercise means roughly that
we exchange the more evolved phase of the isochrone with LMC
metallicity with that of the solar metallicity (see Fig. 9). The results
are shown in Fig. 11. The best fitting gives an f value of 1.
We also performed a more extreme test by computing pSSPs
below and above 8 M. This mass represents roughly the transition
from intermediate to high-mass stars. Therefore, in this test we
consider the possibility that our modelling of all massive stars might
not be appropriate. Our analysis shows that we can remove to a
Table 3. Results using b = 0.8.
Name b Metallicity Age1 E(B − V)a Ageb Agec f7
log (age yr−1) log (age yr−1) log (age yr−1)
NGC 1984 0.8 LMC 6.9 0.00 6.9 6.9 0.19
NGC 2011 0.8 LMC 7.0 0.07 7.5 6.9 0.66
NGC 1984 0.8 Solar 7.2 0.03 7.0 6.8 0.94
NGC 2011 0.8 Solar 7.3 0.03 7.2 6.8 0.84
NGC 1984 0.3 Solar 7.2 0.00 7.2 6.8 0.89
NGC 2011 0.3 Solar 7.3 0.00 7.3 6.8 0.80
Notes. aUsing 1SSP with reddening correction.
bUsing 1SSP neglecting reddening correction.
cUsing equation (1).
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Figure 11. The results obtained using equation (3) with partial SSPs for
masses below/above 17 M where the stars below 17 M have evolved
with LMC metallicity and stars above 17 M have evolved with solar
metallicity as explained in Section 6.1.
great extent both the concavity and the molecular band residuals
although we do not match the bluest spectral region. This result
also confirms those shown in Section 6 that we need to enhance the
relative contribution of RSGs for the LMC metallicity.
6.2 Raising the temperature of the RSGs
To close this section, we also performed tests using a set of MILES
models in which we artificially raised the effective temperature for
all stars with log g < 0.6 and Teff < 4000 K by 200 K in the MILES
library. For the RSGs with effective temperature between 4000
and 4500 K we raised the Teff by 100 K. This allows us to test the
possibility suggested by Patrick et al. (2015, 2016) that the actual
effective temperature estimates for the RSGs is cooler by 200 K.
Our fits show that increasing the Teff of the RSGs it is not enough
to decrease the residuals significantly with respect to adopting the
standard Teff.
7 C RO S S - C H E C K I N G W I T H OTH E R
APPROAC HES
In this section, we made an independent cross-check of the clus-
ter parameters (age, extinction and mass) using a UV and CMD
analysis. We note that in the UV spectral range our analysis is in-
sensitive to the RSGs, unlike in the study based on the optical range
performed in Sections 4–6. Moreover, the CMD analysis mainly
deals with the fit of the MS and MS turn-off, hence is not affected
by post-MS evolutionary phases. These two independent studies
that we perform here will therefore help us at constraining our
full spectrum-fitting (and line-strength) solutions obtained from the
optical range.
7.1 UV-independent analysis: mass, extinction and sampling
issues
We have shown that each of our clusters has its own peculiarities
which can be attributed to varying RSG contributions, even for the
case where the clusters have a similar age. In principle, this might
be reflecting that here are not enough stars to sample the post-MS
of the cluster, and that our analysis, which assumes that there are
no sampling problems, could be affected.
As shown by several authors (Cervin˜o & Luridiana 2004, Cervino
& Luridiana 2006, Popescu & Hanson 2010 among others, see
Cervin˜o 2013 for a review on the subject), sampling effects would
fool the analysis using standard methods. In a brief summary, the
integrated luminosity described by an SSP is actually a probability
distribution of possible integrated luminosities, being the standard
SSP result the mean value of such distribution, whose shape varies
with the observed number of stars (hence total mass). The validity
of χ2 fitting methods depends on the shape of this distribution. An
extreme case when χ2 must be ruled out is when the model includes
stars more luminous than the cluster itself (the Lowest Luminosity
Limit test presented by Cervin˜o & Luridiana 2004, hereafter LLL),
and the effects are proportionally reduced as the observations con-
tain a larger number of stars. In addition, such sampling effects are
wavelength dependent, since the number of stars which contribute
effectively to a given wavelength varies with wavelength and age
(Buzzoni 1993; Cervin˜o et al. 2002; Cervin˜o 2013).
For our particular case, stochastic effects are lower in the UV than
in the optical (see fig. 11 and discussion in Cervin˜o 2013, which is a
valid guide line for our case although obtained for solar metallicity).
As our optical spectra are not flux calibrated in absolute units, we
cannot obtain mass estimates from the data. Since the IUE aperture
is similar to the one used in the optical data, we use the UV spec-
tra to give a mass estimate that can also apply to the optical. The
present analysis is based on the by-eye study of the overall IUE
spectral shape of the clusters in the 1250–3000 Å wavelength range
assuming an SSP, since we only aim to quote the range of UV com-
patible solutions with the other approaches discussed in this work.
We recall that the UV analysis has been performed with SED@ syn-
thesis code (Mas-Hesse & Kunth 1991; Cervino & Luridiana 2006,
and references therein) using the same IMF and isochrones as in
the MILES models, but with the low-resolution BaSeL2 theoreti-
cal atmosphere library from Lejeune et al. (1997, 1998) with LMC
metallicity. Such code provides, beside the SED, the relevant sta-
tistical quantities, as the LLL,N eff , skewness and kurtosis, used in
this section.
7.1.1 Ages and sampling effects estimates from UV data without
constraints
Mass estimates are obtained comparing the model results with the
un-reddened observed flux and therefore depend on the assumed age
and extinction values. Adopting the extreme case of unknown ages,
we compared the LLL of the youngest age of the models (3.98 Myr)
with the observed IUE data taking into account the distance to the
LMC. We use the flux level at 1365 Å as reference value of the UV
since it maps the contribution of most massive stars in the system
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Table 4. Cluster properties compatible with a common age of 10 Myr for
all clusters obtained from the UV analysis.
NGC 1984 NGC 9194 NGC 2011
Max. log t1 7.9 7.7 8.0
Max. log t2 7.6 7.3 7.8
E(B − V)GAL 0.06 0.06 0.06
E(B − V)LMC 0.07 0.02 0.08
E(B − V)tot 0.13 0.08 0.14
M (M) 7.5 × 105 5 × 05 3 × 105
# M > 8 M 6382 4255 2553
# M > 17 M 780 520 312
# Post-MS 170 113 68
# BSG 84 56 34
# YSG 26 17 10
# RSG 59 40 24
Neff (1365 Å) 2184 1456 874
Neff (4000 Å) 59 39 24
Neff (6000 Å) 34 22 14
〈SNr〉 (SN yr−1) 3.2 × 10−4 2.1 × 10−4 1.3 × 10−4
Notes. aAge estimated using the UV shape without constraints.
bAge estimated using the UV shape constrained to E(B − V)GAL = 0.06.
in a region without strong spectral features, hence a good proxy of
the continuum level (cf. Mas-Hesse & Kunth 1991, 1999). For our
clusters, NGC 2011 is 10 times above the LLL, and NGC 1984 and
NGC 1994 are 30 times above the LLL; hence, at least for the UV
analysis, there are no strong sampling effects.
For any older age, the situation improves, since (a) the level of
the most luminous star which defines the LLL, decreases with age,
(b) the reference UV flux obtained by synthesis models decreases
with time and (c) there is not a strong variation of the sampling
properties in the considered age range. This results in a larger in-
ferred mass and a lower impact of sampling effects given that the
observed flux has a fixed value.
Neglecting sampling effects for the moment, the shape of the
SSP UV flattens monotonically with increasing age and extinction.
Therefore, we can establish an upper age limit for the cluster by
comparing the observed shape without any extinction correction
with the SSP shape at different ages: the limiting age is the first one
where, at wavelengths larger than 1365 Å (where observational and
theoretical SEDs have a common value), the SSP UV SED is above
the observed one; such limiting age is typically defined by the SED
at wavelengths larger than 2500 Å. As a result, we find an upper
limit of the age of log t = 7.9, 7.7 and 8 for NGC 1984, NGC 1994
and NGC 2011, respectively. If we take into account the value of
E(B − V)G in the direction of the LMC, the upper values for the
ages are log t = 7.6, 7.3 and 7.8 for NGC 1984, NGC 1994 and
NGC 2011, respectively. The results are shown in the two first rows
in Table 4.
7.1.2 Mass and extinction estimates from UV data for a 10 Myr
SSP
Now we determine the cluster masses, which are age and extinc-
tion dependent. To simplify the process, we first compare the UV
spectra of the three sources in order to obtain a single reference UV
spectra with a common continuum shape. To do this, we corrected
all the observed spectra for galactic extinction and we varied the
E(B − V)LMC extinction using the Fitzpatrick (1985) extinction law.
We have used the spectra of NGC 1994 as reference since it is the
steepest one. The results are shown in the top panel of Fig. 12: the
Figure 12. Top panel: Comparison of the three clusters to provide a similar
UV spectra by variations of E(B − V) values among them. Lower panel:
E(B − V) estimate for the cluster to be compatible with an SSP of 10 Myr.
UV slopes of the three clusters are compatible each other (which
small discrepancies for NGC 2011 in the 2600–3000 Å region) just
by using E(B − V)LMC variations. More interestingly, the three spec-
tra have similar absorption features for Si IV 1400 Å, C IV 1550 Å
and Mg I 1800 Å. This provides some information about the stellar
populations present there: The Mg I 2800 Å absorption line is an
indicator of the presence of blue supergiants (Fanelli et al. 1992).
Unfortunately we cannot obtain much more information from this
line since a gap in the atmosphere models library at log g < 3.5 at
log Teff > 4, which corresponds to the B and A supergiant region,
so the line is not reproduced by the SSP modelling at such ages.
However, the Si IV 1400 Å and C IV 1550 Å features allow us to
establish some age ranges (assuming no strong sampling effects):
These features do not show evidence of the presence of P-Cygni
profiles, hence very massive hot young stars are not present in the
cluster, which implies ages larger than 5 Myr (log t = 6.74). In ad-
dition, the ages cannot be much older than 40 Myr (log t = 7.6),
since both features disappear with age.
We stress that we are not doing an exhaustive analysis of the
UV, neither that such results imply that a common age for the three
clusters can be assumed (we know that this is not the case). We
simply take advantage of the smooth and monotonic variation of
the UV spectra at ages larger than 5 Myr. A similar experiment
using optical data shows that the spectral shape of the three clusters
cannot be reduced to common spectra just by E(B − V) variations.
With the reference observed spectra, we can obtain inferences
that can be translated to the specific clusters including mass in-
ferences: NGC 1984 is 1.5 times more massive with an extra ex-
tinction of 	E(B − V) = 0.05 and NGC 2011 is 1.7 times less
massive with an extra extinction of 	E(B − V) = 0.06 with re-
spect to the reference spectra, which is the one of NGC 1994. We
show in Fig. 12, the comparison with a 10 Myr SSP if it has an
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extinction of E(B − V)NGC 1994 = 0.08, [where E(B − V)G = 0.04
and E(B − V)LMC = 0.02].
With these numbers in hand and taking into account the distance
to the LMC and assuming a 10 Myr SSP model, we can estimate
cluster masses and the absolute number of stars of different types,
as well as the effective number of stars which contribute to 1365,
4000 and 6000 Å. We note that due to our methodology fitting with
steps of 	E(B − V) = 0.01, our mass estimates have an error of at
least 25 per cent. This error increases with age variations, but since
lower ages also imply larger E(B − V) values there is no dramatic
change in our estimates, and they do not reach a variation larger
than a factor of 2 in any case.
Results for 10 Myr are shown in Table 4, where we have defined
as post-MS stars all those stars with log g < 3; from this group,
we define BSG those with log Teff > 4, YSG those with log Teff ∈
[3.628, 4] where log Teff = 3.628 corresponds to Teff = 4250K, and
RSG as stars with log Teff < 3.628. We also quote in Table 4 the
stars with masses above 17 and 8 M used in our pSSP analysis in
Section 3.2. We also compute the average SNR from the last point
in the isochrones at log t = 6.9 and log t = 7 in the last row; this
value has been discussed in Section 4.1.1.
With these masses, the distribution function of integrated lumi-
nosities of the 10 Myr SSP in the optical wavelength has skewness
about <0.1 and a kurtosis about <0.01 in the worst case whereas the
values at 1365 Å are 3 and 15 times lower, respectively. For such
values, the mean and mode values are almost similar so our χ2 anal-
ysis is not compromised. In addition, the values ofNeff at different
wavelengths are consistent with our estimates of stellar numbers,
however, we caution that a direct comparison of both quantities
cannot be done:Neff is just a statistical measure of the dispersion of
the integrated luminosities at a given wavelength (1/√Neff = σ/L)
whereas stars of a given group (BSG, YSG or RSG) emit in all
wavelengths. The relevant comparison to be done here is that
the emission at 6000Å has a Neff lower than the number of
RSG. The relative dispersion at such wavelengths is around
20 per cent in the worst case, higher than the dispersion in the UV
which does not reach 4 per cent.
Our mass estimate for NGC 2011 is compatible with the dynam-
ical masses obtained by Kontizas et al. (1993). On the other hand,
all masses are a factor of 100 higher than the estimate given by
Asa’d & Hanson (2012) and Vidal-Garcı´a et al. (2017), and a factor
of 10 higher than the estimates by Popescu et al. (2012). There
are several possible reasons for this discrepancy, which are related
with the use of optical bands to obtain mass inferences as used by
Asa’d & Hanson (2012), Vidal-Garcı´a et al. (2017) and Popescu
et al. (2012) in their analyses. The UV flux decreases monoton-
ically with time, so, for a fixed flux, the inferred mass increases
with age. However, when optical colours are used to constrain the
mass, there are always two possible solutions since colours have a
peak around 10 Myr (see Section 4.1), so there is an uncertainty in
the age assignation. In addition, the optical flux level has a non-
monotonic variation so the mass estimate is strongly linked with
the age estimate [which is also linked to the E(B − V) estimate].
In the case of stochastic sampling for a given mass, optical bands
are more affected by stochastic sampling than the UV continuum,
which in practical terms implies that optical bands are less reliable
for mass inferences than UV ones. Another possible reason is that
the data could have use of different apertures, since sampling effects
depend on the amount of stars available to perform the analysis in-
cluded in the resolution element (we note that Popescu et al. 2012
and Vidal-Garcı´a et al. 2017 use a similar value for the observed
V band). Unfortunately, Vidal-Garcı´a et al. (2017) do not make use
Table 5. CMD results.
Name log(age) E(B − V) r raa
(arcmin) (arcmin)
NGC 1984 7.3 0.02 0.7 0.8 < ra < 1.8
NGC 1994 7.4 0.03 0.755 0.855 < ra < 1.855
NGC 2011 7.3 0.12 0.5 0.6 < ra < 1.6
Note. aField annulus between r + 0.1 and r + 1.1.
of the UV flux in their mass inferences so we cannot evaluate where
the origin of the discrepancy would be.
A similar effect regarding sampling issues is present in CMD
analysis where the statistics are given by the number of usable stars
(i.e. resolved stars without crowding problems) which will be lower
than the actual number of stars in the cluster (cf. Section 7.2).
7.2 Colour–magnitude diagrams
As an additional cross-check for the ages of the clusters, we pro-
duced a suite of g−r versus r CMDs. First, we calculated the mean
apparent diameter of the cluster using the central positions of the
cluster from Bica et al. (2008):
D = (a + b)/2 (4)
where a is the apparent major axis and b is the minor axis. For each
cluster we considered those stars within the radius given in Table 5
(4th column) as members of the clusters.
Fig. 13 shows the CMDs for NGC 1984, NGC 1994 and NGC
2011. These are deep CMDs, reaching down to ∼2 magnitudes be-
low the oldest MS turn-offs. We fitted PARSEC isochrones (Bressan
et al. 2012; Chen et al. 2014, 2015; Tang et al. 2014) with a metal-
licity of Z = 0.008, appropriate for young LMC populations (see
Carrera et al. 2008). See Table 5 for details. For each cluster, the
optimal-fit isochrone was found by using different combinations of
ages and reddenings using the metallicity constant at Z = 0.008.
The CMDs for each cluster within the apparent radius, including
the isochrone fitting, are shown in the left-hand panels of Fig. 13.
Isochrones of log t = 6.8 (blue dashed isochrones) and log t = 7.0
(green dotted isochrones) are also overlapped in the left-hand panels
of Fig. 13. The age determinations could be severely affected by the
LMC field stars’ contamination. In order to avoid this, we followed
a similar approach as that presented in Glatt et al. (2010). We sam-
pled the field population within an annulus between 1 and 2 arcmin
around each cluster’s centre outside the apparent radius. These field
populations are shown in the right-hand panels of Fig. 13. In order
to estimate the field star contamination, we selected the stars in a
0.50 arcmin concentric annulus located 0.1 arcmin away from the
apparent radius of each cluster, i.e. between r + 0.1 arcmin and
r + 0.6 arcmin being r the radius of each cluster. These stars are
plotted as magenta dots in the middle panels of Fig. 13.
The depth of these CMDs allows us to obtain the ages for all three
clusters. The uncertainties come from differences in the present-day
metallicity of the LMC that, although small, could introduce errors
in the age determination; from small variations in the adopted dis-
tance moduli for the LMC and from the chosen stellar evolutionary
libraries. Taken them together, we find a resulting uncertainty in the
age of these clusters of 0.2–0.3 dex.
To fit the isochrones, we use a constant distance modulus and
metallicity and the best-fitting isochrones are found by using several
combinations of ages and reddening, which we obtained for all three
clusters using visual inspection. In the case of the apparent MS turn-
offs of the sparse NGC 1994, we use human judgement since there
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Figure 13. g − r versus r CMDs of NGC 1984, NGC 1994 and NGC 2011 with PARSEC isochrones (Bressan et al. 2012; Chen et al. 2014, 2015; Tang
et al. 2014) overlapped. The left-hand panels show the CMDs including only the stars that belong to each cluster within the cluster’s radius presented in Table 5.
The best-fitting isochrone in each case (red continuous isochrones) as well as two younger isochrones of log t = 6.8 (blue dashed isochrones) and log t = 7.0
(green dotted isochrones) are also overlapped. The middle panels show the cluster’s stars (black dots) including the stars selected in a 0.50 arcmin concentric
annulus located 0.1 outside the cluster’s radius (magenta triangles). The right-hand panels show the LMC field stars between 0.1 and 1.1 arcmin outside the
cluster’s radius. The optimum-fit isochrones are overlapped with Z = 0.008 (see the text for more details).
are not enough resolved stars. The log(age) = 7.4 isochrones best
represent the young MS populations in this cluster based on the
apparent MS turn-off.
The ages derived using CMD fitting are slightly older than
those derived comparing SSPs to the observed integrated spec-
tra. This discrepancy is not surprising at such young ages due
to the differences in the stellar evolutionary tracks, and the fact
that although in principle the colour of a stellar population pro-
vides a reliable chronometer to date clusters, in practice, there are,
however, stochastic effects (see e.g. Chiosi et al. 1988, and discus-
sion in Section 7.1). Chiosi et al. (2006) compared the ages of a large
sample of young clusters in the Small Magellanic Cloud obtained
with CMD fitting and with integrated light from Rafelski & Zaritsky
(2005) and found a difference of 0.4 dex between the ages of the
various clusters.
Humphreys (1979) observed bright red stars in these clusters.
However, we neither confirm nor rule out the presence of RSGs due
to the fact that stars above 15 mag are saturated in the SMASH
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imaging. Having high-resolution images with shorter exposure
times could help to further constrain our results in future.
For this reason, the errorbars for the ages that we obtain from
our CMD analysis are not symmetric as we are losing the brightest
stars. Therefore, our CMD fitting estimates should be regarded as an
upper limit to the age estimates for these clusters. This underlines
the importance of combining multiple observational approaches in
this kind of study.
8 SU M M A RY A N D D I S C U S S I O N
The ∼10 Myr old LMC clusters NGC 1984, NGC 1994 and NGC
2011 show optical integrated spectra which have strongly concave
continua and molecular (TiO) bands far stronger than standard SSP
models predict. We performed an exhaustive exploration of the
possible origins of the peculiar appearance of these spectra. For this
purpose, we produced a series of SSP models based on the MILES
spectral library which extend to young (6.3 Myr) ages. These models
are available on the MILES website.4
We obtained age constraints from the optical spectra using full
spectral fitting and the analysis of the absorption and emission
Balmer lines, and from the TiO1 spectral index. This was comple-
mented with archival IUE integrated UV spectra to independently
constrain the cluster masses and extinction, and rule out the possi-
bility that stochastic effects are strongly effecting the optical spectra
of these clusters; at least in the case of an SSP. We also obtain from
the shape of the UV spectra a range of possible ages according dif-
ferent E(B − V) assumptions. In addition, we obtained independent
age measurements based upon isochrone fitting of CMDs. With the
younger SSP models and independent mass and age constraints in
hand, we explored a number of scenarios in an effort to understand
the spectra of these clusters:
Different SSP models: To rule out a pathological problem with
the MILES model extension to younger ages, we repeated the above
analysis with the Geneva-based Granada models. Similarly, we used
the BC03 models in Asa’d et al. (2016). The results were very
similar to those of the MILES models indicating that this is a generic
problem with SSP models.
Multiple stellar populations: We hypothesized that the clusters
contain multiple bursts of star formation, perhaps separated by sev-
eral Myr. Therefore, we made combinations of two-component
SSPs and applied our full spectral fitting code. Since the molec-
ular features seen in the optical spectra clearly originate from cool
stars, we fixed one component to be at 10 Myr, which maximizes
the contribution of RSGs. The second component was allowed to
vary freely. We found that combinations of two-component SSPs
modestly improved the fit over a single-burst model.
Top heavy initial mass function: We tested whether a top-heavy
IMF (i.e. an IMF dominated by high-mass stars) might affect the
optical spectra. Models neither with a bimodal IMF with b =
0.8, nor with an extremely top-heavy IMF (b = 0.3) significantly
altered the continuum shapes or affected the molecular bands. This
can be understood due to the fact the stellar mass range for stars
that contribute significantly to the luminosity is small and therefore
shifting the IMF to higher masses has minimal impact on the SED.
Implementing pre-main-sequence contraction: We explored
whether implementing the long pre-main-sequence contraction
times of low-mass stars (up to ∼1 Gyr for the lowest mass stars)
4 http://miles.iac.es/
might affect the integrated spectra. This affect was tested by creat-
ing ‘partial SSPs’ of different mass ranges to mimic the upper and
lower stellar ZAMS. We found this makes little difference to the
integrated spectra as, at these ages, most of the light contribution
comes from very luminous, massive stars. However, this may be
important for older (∼0.1–1.0 Gyr) clusters.
Varying the red supergiant contribution: In our tests for two-
component SSPs, we found that both the continua and molecular
features were slightly better reproduced when shifting from LMC
to solar metallicity, even though these clusters are known to have
LMC metallicities. The ratio of red to blue supergiants is known to
increase with increasing metallicity, therefore we reasoned that in-
creasing the contribution of RSG light in the optical spectra, rather
than the increase of metallicity per se, might be at the root of the
problem. Therefore, we constructed models where we allowed the
fraction of RSG to vary over and above that predicted by standard
stellar evolution prescriptions. Following this approach, we show
that an increase in flux of ∼20 per cent from RSGs above the stan-
dard prescription can reproduce completely the observed molecular
bands, and improve marginally the continuum shapes of the optical
spectra.
Based on this work, we conclude that the fractional contribution
of RSGs in stellar evolution models may require revision in order to
improve the prediction of SSP models on the optical spectral range.
Given the above results, we cannot presently rule the possibility of
∼Myr age variations in young LMC clusters.
We obtain by our line-strength analysis that cluster ages must be
younger than 15 Myr (log t = 7.2) for the three clusters, and older
than 8 Myr (log t = 6.9) for NGC 1984 and NGC 2011. Combined
with UV analysis, this implies E(B − V) values around 0.1 for these
clusters. The ages are consistent with our SED fitting (log t ∼ = 7),
and isochrone fitting from CMDs (which is log t = 7.3 ± 0.4 for
these two clusters). However, we note that in both fitting techniques,
the obtained E(B − V) values are sometimes lower than the minimal
value required to explain UV observations, and such underestima-
tion can be related with older ages estimates. The case of NGC 1994
is more extreme, since the presence of nebular emission requires an
age younger than 8 Myr (log t = 6.9), which implies E(B − V) > 0.1
from the UV analysis, whereas best-fitting SED and CMDs produce
ages about or larger than 10 Myr (log t = 7) and E(B − V) values
around 0.03 [which lower than E(B − V)GAL = 0.06], which produce
larger ages. Another possibilities not considered in this work are a
variable extinction inside the cluster, or a complex star formation
history operating at sort time-scales which rule out the use of SSP
or isochrone fitting since both assume that all stars had been formed
at the same time.
By combining different approaches (resolved versus integrated)
as well as different wavelength ranges (UV and optical), we obtain
complementary constraints which should be applied to the different
methodologies used in the analysis of stellar clusters. In this work,
we found that although RSGs are not seen in the resolved data, it is
clearly seen in the integrated spectra, this is a significant conclusion
that emphasizes the importance of the integrated spectra analysis in
crowded systems. We conclude that fitting in a specific wavelength
range might give accurate mathematical results, but it cannot pro-
vide the complete physical picture of a given stellar system. Only by
combining multiple approaches can a complete picture be obtained.
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